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ABSTRACT

This Progress Report covering the period of June i, 1994 to December

i, 1994 presents the development of an analytical solution to the heavy

ion transport equation in terms of a two-layer Green's function formalism.

The mathematical developments are recasted into an efficient computer

code for space applications. The efficency of this algorithm is accom-

plished by a nonperturbative technique of extending the Green's function

over the solution domain. The code may also be applied to accelerator

boundary conditions to allow code validation in laboratory experiments.

Correltion for the isotopic version of the code with 80 isotopes present

for a two layers target material in water with experiment is good.

A number of computationally efficient interpolation algorithms have

replaced the previous versions in the code, with an increase of 20% in

overall code efficency. Work is under way to further enhance the

efficency of the code.



INTRODUCTION

Future NASA missions will be limited by exposure to space radiations

unless adeqnate sh]e.lding is provided to protect men and equipments

from such radiations. Adequate methods req_lired to estimate tile damage

caused by such radiations behind various shields can be evaluated prior

to commitment to such missions.

From tile inception of. the Langley Research Center heavy ion (IIZE)

shielding program (refs. 2-4), there has been a continued, close relation-

ship between code development and laboratory experiment (ref. 4). Indeed,

the current research goal is to provide computationaI, ly efficient high

charge aud energy ]on (IlZE) transport codes which can be validated with

laboratory experiments and s_bsquently applied to _pace engineering design.

In practice, two streams of code development |lave prevailed due to the

strong energy dependence of necessary atomic/molecular cross sections and

the near singular nature of the laboratory beam bonndary conditions {refs.

5-7). The atomic/molecular cross sect:ion dependence is adequately dealt

with by using the methods of Wilson and Latakia (ref. 8), allowing effici-

ent numerical procedures to be developed for space radiations (refs.

7,9-II). Although these codes could conceivably be applied to the labo-

ratory validation, methods to control truncation and discretization errors

would bear little resemblance to the space radiation codes attempting to be

validated. Clearly, a radical reorientation is required to achieve the

validation goals of the current I1ASA space radiation shielding program,

and such an approach in terms of a multi-layered Green's function formalism

as an extension to a previously developed single-layered algorithm is the

main thrust of this continuing research and is briefly described below.



GREEN'S FUNCTION METIIODS

Transport Equations and Conventional Approach

The transport equation for high energy heavy ions is usually simplified

by assuming the stralghtahead approxlmat[o, and neglecting the target

secondary fragments (ref. 3 et. al) and Is written as

fl_ O E ' , (1)

where4t(_,E)is the .ion flu× at x with energy F, (_leV/amo),'_j(E)i s the

change in E per unit distance, oj the total macroscopic absorption cross

section and .jp: the macroscopic cross section for collision of ion type

k to produce an ion of type ). The soJution to equation (|) Is to be

found subject to the botlndary cond|t}on

4j(., = li(r )
(2)

which for laboratory beams has only one value of } for whtchlj(E)is

not zero and that_j(E)is described by a mean energy spread a such that

!

Ij(E)-- _ exI,{_(E_ E.)_/7.._I

The solution to equation (I) is given by superpositlon of Greens

function as

(3)

where Green function is a solution of

I' I

(4)

(5)



g,,bject to the botlndary cond_itJ.on

_:j,,,(,,/_;, rg,) = ,_j,,, _(p: _ _:.)
(6)

The above equatiot_ can be s]mplJfiect by tran_formj.ng the energy into

the resldual range as

,j = / a_:'l._j{_;') (7)

and def.[n:[n 9 new f.[e].(l fu11ettons a_

(B)

.oi,,,(:_,_i, ' _,,)= ,_i( _') r:i,,,(_, v:, r_")
(9)

(10)

equation (5) becomes

,_;- _,-_-+,'i(6,,,(_:,.j,,:,,)=_ "i_ (A,.(_:,,_.,,_,,)
" I: _'J_

with the boundary condition

(11)

!
I I

(._i,,,(.,_i,_,,,)- _j,,,_(,_- ,,,,)
(12)

and with the ,_oluti.on to the ion fi.eld_ given by

= / ' ),_.:,,
0

(I_)



_lotel, t is the range scale factor ash,l,, t _--_t,,,,,,,, and is taken as I,] _ ZI/Aj.

The solution to eqtlatJon (11) is rlt_.en as a pert*irbation seriesW °

I (14)

where

,(,,1,_
'Y,,,_:':.'i,",,,) = .q(i) _Y,,,_(_: _,_ -,_,,)

and

(15)

()(f), , _" Y,,,_', )'i, r.,,,) .._ "t"y,,,g(J, ,,,)
._(_,,,,- vi)

whereQ(I), ,,,,)is ze[o un].ess-.i,,,I*, r/, '

(161

.._.. t ! 'j

I_pp I -- | ill I (17)

fort,,,, > I,j. || f,j > I',,,_s can happen Jn neutron removal, the negative of

eq1_ation (16) is used and tipper- and lower limits of equation (17) are

switched. The higher order terms are approximated as

(,(0,

--.- ° ....... . ..........................

_:(_'" - O) (18)

In the above

._(i) = _.-_
(I0)

and



and

g(Jl,J2,...,jn,jn+i) = g(Jl,J2,...,jn-l,jn) - g(jl,j2,...,jn_l,jn+i)

aJn ! 1 -- ajn
(2o)

Note that C4!i) fx rj, t
rm) is purely dependent on x for i > 0, which we represent as _jm(X). (See

ref. 3.) In terms of tile above, tile solution to equation (1) beconies (from ref. 3)

q'J (_:' "J) = _-_' D ("j _-x)

In equation (21), .i and r I
7mu ,,re are given by the upper and lower limits of the inequality of

equation (17). The symbol F,n( "_,n) refers to the integral spectrum

We note that

with

P_II(]

oO

_,,,(,.;,,): i /,, (,.)j,.
.t

I tit

_,. (,.;.) -- p,,,(_')

oO

•,.,, (E') = f f,,, (_) dE
E I

(22)

l
l'tt t

_#

-- S aEI_,,, (_)
II

_iVe now introduce nonport, lirlmtiv¢; t,erins for I,Im slnnnlatioil iil Cqllai, ion (21).

• First, we recall t,hal, l.lie .q [iliiCtioli of It arl_ililiOlit,_ wa,_ I_eimrnted hy the perf, urtmtion sohition

of the t,ralisport oqilat.lon ilO_loct, ilig ionizatioli Oil¢;rl_y lOsS (ref. !) given I)y



(23)

subject Lo Lhe boundary condition

•_h,,(") = _J,,,

(24)

for which the soluLion i._

'h"("t:) _ _#,,._("') -_,,#,,.q(i. ,,,) + ...

It is also true that

(25)

(26)

for a,,y positive values or x and y. Eq_tatJon (26) may be use(] to

propagate the function .qj,,,(_)over the sol.tion space from very thin

shield solutions. Equation (14) is then rewritten as

' _,,,) _ _j,,, _(.-t- ._ )* l"J',,(_)- "-""at,,,I/I-(_,,, ,'j)l (_7)(,i,,,(_ "] r e-.l_

and the approximate solution of equation (1) is given by

'l'i(_, "j) -_ .-'P* _(,'.j .t-:_)

* E ''j [_J,,,(")- _-"'* _jt,,I l#,,,(,. ) _ #"'("")l
,,, _(u.,- "9)

(28)

Green's Function Hethods in a Shielded Medium

The major simplification Jn the Green's function method results from



the fact that the scaled spectral distribution of secondary ions to a

first approximation depends onty on the depth of target penetration

as seen in equations (16), ([B), and (27). The f_{rst approach to a

multi-layered Green's function w.|ll reJy on this observation and assume

.its validity for multi-].ayered shields.

Consider a domain labeled as l which Js shielded by a second domain

]abeled as 2, tile number of type j ions at depth x in 1 due to type

m ions incident on domain 2 of thJ.ckne_s y is

•%.",(_:'._)--_ ."u_.(_).q.,,,l:d
J= {29}

The leading term in eqnat]on (29) is the penetrating primaries as

(Jo)

where all higher order terms are in the bracket of equation (30).

The first term of scaled green's functi.on is then

where it is the range scale factor for tlle two media

(31)

_,= _Ivs(_.}lU2s(#;,.} (J2)

A slgle value for p is taken corresponding to 600 HeV/amu. The

secondary contribution is similarly found by noting the equation (17)
be come s



"-l'J("t % _ + eP) < r,,, < _ rt + _ _. P.V
| 'tw! .... Vtt!

(33)

from wh.|ch the. average spectr,m is eva.l._lated. The [[!1]t approximate

Green's functlor, iS then

, ,,,,)_ ...,l=-.,j._f,,,_(__ I'_I-r i '(J,_/,,,(_,II,rl, ' - -- 7 Pt!)

'"JI •r,I(,',,, (34)

Equatio,1 (34) is {:Ire first appro×imation to tlre gree,'s function in a

shielded medium (two layers) and can be modified to multiple layers.

The first spectral modification Is considered next. It is easy to show

that the first co].]isj_on te_m has the properties

(35)

These properties are used to correct the average spectrum as

(;(1)
I_l,,,(_,Pl,'j,,,,,)-

.(w) .

I",,,-'71(_4 rU) r,j,,,(_.,,)(,',,, - L,,) (36)

wV'ere"l',),,,(-" t,)i-_ tVr_ f_r_,-¢oV]_sio,, t_rm of eq,r_tio,, (3_) a,rd

_f t IMt_,,,=,(.,,,,,• ,,,,)I'_.
(37)

Js the midpoint o[ t_,, between its limits given by equation (33). The

term of equatim_ (3B) has the property that

t f,_,,,(_,-,:/)(r' "'W,' (30)



ensuri.g that the first term of equation (36) is indeed the average

spectrum as required. Tile spectral slope parameter is found to be

( _) ( ,,,e-"',,, "_ -_,,,v
- "_S'"'-'"'-""_)I {(" -_-r.)(",,, -"j)l",,, - "ill

(39)

A similarly simple spectra[ correction could be made to the higher

order terms. The spectral correction given in equation (39) i_s included

in the present Green's fu-ction code.

Solution for Laboratory Beams

Using the boundary condition appropriate for laboratory beams given

by equation (3), cumulative spectrum given by

I (I F- o

(40)

and the cumulative energy moment needed to evaluate the spectral

correction given by

The average energy o,, any s,Jbi,,terval (_;i,172) is then

(41)

- I g'j(_:,) - Ei(_:_)l I IF_(_.',)- _'_Ir<_.)I

(42)

and the beam generated flux becomes



(43)

where _ ig evaluated u_ing equation (42) with _l,and

and upper limit a_sccJ.ate(] with mr e t
wtl_ and p,lu

the _ow_r



DISCUSSION OF RESULTS

An algorithm based on the one-layered Green's function formalism

was developed and tested during the previous phase of this research

project. The current version of this code is computationally efficient

for all terms. In order to implement the formulation presented in the

theory section of the current proposal for multi-layered targets, the

following tasks were undertaken:

i. A direct conversion from formulation to coding based on the des-

cribed procedures was performed. This resulted in a first gene-

ration two-layered algorithm which is still computationally

inefficient, especially for higher order terms, and requires

further work. A 20% computational efficency was achieved by

applying efficient interpolation routines to the developing code.

2. The resulting algorithm was tested against the results of a

recent two-layered experiments for correlation purposes and code

efficency studies.

3. The tested version of the two-layered algorithm was used as a

mean of evaluating the shielding properties of different two-layered

target materials as they are exposed to galactic cosmic radiations

(GCR).

Furthermore two statistical (Monte Carlo) transport codes were used to

carry out the following tasks:

.

Using a low to medium energy Monte Carlo transport code named TIGER,

one and three dimensional energy deposition for electrons and



.

photons in various target materials with and without an Aluminum

shielding was calculated. The results was used to study the

depth dose relations in geometries of interest to radiation shielding.

The capabilities of a high energy Monte Carlo transport code named

EGS4 was explored. EGS4 is a transport code for electrons,

positrons, and photons, and has the flexibility of user interfacing

through MORTRAN3 language. With this capability decay of zero pions

can be simulated.
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